The relative magnitude (or intensity) of an event can have direct implications on timing estimation. Previous studies have found that greater magnitude stimuli are often reported as longer in duration than lesser magnitudes, including Arabic digits (Xuan, Zhang, He, & Chen, 2007) . One explanation for these findings is that different quantitative dimensions (size, intensity, number) are processed and represented according to a common analog magnitude system (Walsh, 2003) . In the current study, we examined whether there were commonalities in how people judge the intervals of time occurring between discrete stimuli of different magnitudes across a variety of quantitative dimensions, which included number, size, and color saturation. It was found that duration judgments increased systematically as the overall magnitude difference between sequentially presented stimuli increased. This finding was robust against manipulations to the direction of the sequence, or whether the sequence followed ordered (continuous) or nonordered (discontinuous) pattern trajectories.
The perception of time is driven by contextual and environmental cues that are often only indirectly associated with time itself. A variety of studies have shown that, in part, people infer duration through its interaction with experientially related perceptual properties across multiple stimulus dimensions and modalities. For example, a duration is inferred as longer than a comparison interval when it contains more stimuli (Adams, 1977; Buffardi, 1971; Thomas & Brown, 1974) or exhibits dynamic properties (Brown, 1995; Casasanto & Boroditsky, 2008; Kanai, Paffen, Hogendoorn, & Verstraten, 2006; Leboe & Mondor, 2008) . Additionally, higher order magnitude stimuli induce a subjective expansion of perceived duration. For example, in visual studies, bright lights are perceived as lasting longer than equivalent duration dim lights (Brigner, 1986; Kraemer, Brown, & Randall, 1995) , while larger visual stimuli are perceived as lasting longer than equivalent duration small stimuli (Ono & Kawahara, 2007; Ono & Kitazawa, 2009 ). Likewise, in auditory studies, high frequency tones are reported as lasting longer than equivalent duration low frequency tones (Allan, 1984) , while loud tones are perceived as lasting longer than equivalent duration quiet tones (Oléron, 1952) .
Recently, a number of studies have determined that symbolic Arabic digits exert similar contextual biases on a wide array of different spatial and temporal tasks (Casarotti, Michielin, Zorzi, & Umitlà, 2007; Fischer, Castel, Dodd, & Pratt, 2003; Oliveri, Koch, & Caltagirone, 2009; Oliveri et al., 2008) . To illustrate, a recent study revealed that, independent of their true duration, participants judged small magnitude digits (e.g., 1) to be shorter in duration; and large magnitude digits (e.g., 9) to be longer in duration, than intermediate digits (e.g., 5; Oliveri et al., 2008) . This effect has since been replicated using a Stroop-like paradigm, finding that participants are more accurate at classifying the duration of a number when its magnitude is congruent with its presentation time (e.g., a small digit presented for a shorter time), than when it is incongruent with its presentation time (e.g., a small digit presented for a longer time; Xuan, Chen, He, & Zhang, 2009; Xuan et al., 2007 ; see also Lu, Hodges, Zhang, & Zhang, 2009) .
The A Theory of Magnitude (ATOM) framework, proposed by Walsh (2003) , is an influential theoretical framework accounting for the numerous interactions that have been demonstrated across various quantitative dimensions (e.g., number, quantity, size, duration). According to this approach, humans and animals possess a generalized analog magnitude system, in which space, time and quantity (or number), as well as various other magnitudes (see Bueti & Walsh, 2009) , are translated into an abstract magnitude code. This code represents the stimulus intensity in the form of an approximation (e.g., "a little" vs. "a lot") which demonstrates a ratio-dependent property, such that, at greater stimulus intensities, effective discrimination will depend on an ever greater level of disparity between the compared stimuli (Weber's law; Bonn & Cantlon, 2012; Dehaene, Dehaene-Lambertz, & Cohen, 1998; Gallistel & Gelman, 2000; Piazza & Dehaene, 2004; Walsh, 2003) . Current brain-imaging research indicates the intraparietal sulcus as the neurological correlate associated with number processing, and the analog magnitude system (Cappelletti, Muggleton, & Walsh, 2009; Hubbard, Piazza, Pinel, & Dehaene, 2005) . Research further indicates that numbers are represented according to a spatial format, with smaller magnitude numbers being associated with the left side and greater magnitude numbers the right side, resulting in a mental number line (Dehaene et al., 1998; Restle, 1970) . The concept of a mental number line receives further support from the Spatial-Numerical Association of Response Codes (SNARC) effect (Dehaene, Bosini, & Giraux, 1993) . This line of research has demonstrated that people from Western cultures are faster making left-handed responses to small magnitude digits (e.g., 1) when making left handed responses to small magnitude numbers (e.g., 1) and right handed responses to large magnitude numbers (e.g., 9), an effect that is prevalent even when numerical magnitude is irrelevant to the primary task. This effect is robust and has been widely replicated using number words (e.g., one vs. nine), and auditorily presented digits (Fias, 2001; Nuerk, Iversen, & Willmes, 2004; Nuerk, Wood, & Willmes, 2005) .
Therefore, it appears that people impose spatial organization on numerical values by associating smaller numbers with the left side of space, and larger numbers to the right side of space. The imposition of spatial organization on numbers is, in part, experientially driven. The spatial layout, or direction of a person's writing system has a clear impact on how different magnitudes are processed, including time (Fuhrman & Boroditsky, 2010) , and numbers (Zebian, 2005) . Zebian (2005) , for example, demonstrated that while English and French readers (whose written languages move from left to right) are prone to a left-to-right oriented SNARC effect, Farsi and Arabic readers (whose written languages flow from right to left) demonstrate the opposite pattern; a right-to-left oriented SNARC effect.
Further support for the ATOM framework has arisen from a series of converging findings that suggest that other quantitative dimensions exhibit similar spatial biases. Similar SNARC-like effects-where responses to smaller magnitudes are facilitated by using the left hand, and larger magnitudes using the right handhave been found using other abstract, continuous dimensions, including months, and alphabetic characters (Gevers, Reynvoet, & Fias, 2004) ; and a variety of perceptual dimensions, including physical size (Ren, Nicholls, Ma, & Chen, 2011) , weight (Holmes & Lourenco, 2013) , and time (Di Bono et al., 2012; Fabbri, Cancellieri, & Natale, 2012; Ishihara, Keller, Rossetti, & Prinz, 2008; Vallesi, Binns, & Shallice, 2008; Vicario et al., 2008) . For example, people are faster at categorizing short duration intervals as "short" with a left-handed response, and long duration intervals as "long" with a right-handed response (referred to as the SpatialTemporal Association of Response Codes, or STARC, effect). These observations further the theory that numerical magnitude, time, and other quantitative dimensions are all similarly organized, forming what has since been termed a mental magnitude line (see also Holmes & Lourenco, 2011 .
While it has been established that different magnitudes are subject to spatial organization, the implications of this imposed organizational structure on various judgments has received less attention. A goal of the current study was to investigate whether the imposition of a left-to-right spatial framework on various quantitative dimensions (including, number, size, and color saturation) would bias judgments regarding the duration of an interval separating two stimuli.
The reliance on common processes for representing time and numerical magnitude could account for the influence of numerical magnitude on temporal judgments previously demonstrated (Oliveri et al., 2008; Xuan et al., 2007 Xuan et al., , 2009 ). An additional thrust of support for this approach has emerged from demonstrations of various cross-dimensional interference effects between temporal and spatial perceptual processes. Early demonstrations of crossdimensional interference (Abe, 1935; Benussi, 1913) , found that if discrete stimuli (e.g., light flashes) were presented in a sequence, the amount of physical distance separating two events directly impacted subjective duration judgments of the separating interval. For example, the perceived duration of an interval was judged to become longer in its overall duration as a function of the distance separating the two stimuli. This perceptual illusion-called the kappa effect-has been widely reported for visual stimuli (Abe, 1935; Cohen, Hansel, & Sylvester, 1953; Lebensfeld & Wapner, 1968; Sarrazin, Giraudo, Pailhous, & Bootsma, 2004) and in studies that have employed auditory spatial analogs, including sound frequency (Boltz, 1998; Cohen, Hansel, & Sylvester, 1954; Crowder & Neath, 1995; Henry & McAuley, 2009; Shigeno, 1986 Shigeno, , 1993 and sound intensity (Alards-Tomalin, Leboe-McGowan, & Mondor, 2013) . This bias is generally elicited through presenting participants with three sequentially presented stimuli (designated as AXB). In this sequence, A and B represent boundary elements defining a spatial interval within which the placement of the second occurring stimulus (X) is varied across trials. On a standard AXB task, judgments are formed about the relative durations of the blank intervals between A-X and X-B. The durations of these blank intervals are defined according to the stimulus onset asynchrony (SOA), the amount of time separating the onsets of two discrete stimuli. In the present study, SOAs are provided. Generally, as stimulus X nears stimulus A's spatial position, the tendency to classify the first blank interval (SOA: 1) as short, and second blank interval (SOA: 2) as long increases. Conversely, as stimulus X nears B's spatial position, the tendency to classify the first blank interval (SOA: 1) as long, and the second blank interval (SOA: 2) as short increases. Therefore, like the SNARC and STARC effects, kappa-effects also demonstrate evidence for crossdimensional interactions between different magnitudes (e.g., time and space).
In the experiments reported, we first investigated a role for variations in the sequential magnitudes of number, size, and color saturation in contributing to the perceived duration of a blank interval. The goals of the following study were twofold. First, we wished to investigate if variations in magnitude contribute biases to interval duration judgments in a manner similar to changes in physical distance. We hypothesized that a smaller numerical magnitude difference (Experiments 1 and 2) would result in a shorter perceived duration between two stimulus onsets. Additionally, we hypothesized that a greater degree of perceptual similarity in both stimulus size (Experiment 3) and color saturation (Experiment 4) will also bias participants to judge the interval separating two visual objects as shorter than when those two objects are less perceptually similar. A possible alternative hypothesis is that the impact of stimulus magnitude on the subjective duration of discrete stimuli could also exert an influence on the perceived duration of an empty interval separating successive stimuli. This hypothesis makes the prediction that if two relatively large magnitude items are presented in succession (e.g., 8 -9), the interval separating them will be perceived as subjectively longer, than the same duration separating two small magnitude items (e.g., 1-2). This alternative hypothesis was also tested in our study.
In reporting these studies, our broader goal was to contribute to the increasing body of evidence demonstrating close associations between the comprehensions of magnitude across a variety of perceptual dimensions.
Experiment 1
An increase in the physical distance between two sequentially presented stimuli (visual or auditory) leads participants to perceive an increase in the duration of the interval separating those stimuli (i.e., the kappa effect). In Experiment 1, instead of manipulating physical distance, we manipulated the relative numerical magnitudes of digits, such that the discrepancy between two items could be relatively large or small. On each of a series of trials, participants viewed a sequence of three digits, and then judged the relative durations of the SOAs separating the first digit from the second digit, and the second digit from the third digit. For half of the trials, SOA: 1 was longer than SOA: 2 (a long-short pattern), and for the other half, SOA: 1 was shorter than SOA: 2 (a short-long pattern). We hypothesized that a smaller magnitude discrepancy across SOA: 1 should result in a tendency to categorize the sequence as "short-long," while a greater discrepancy across SOA: 1 should result in a long-short response bias.
Method
Participants. Fifty-three University of Manitoba (Winnipeg, Manitoba, Canada) undergraduate students enrolled in an Introduction to Psychology course at the University of Manitoba participated in Experiment 1. They received partial course credit for participating. Twenty-eight participants were randomly assigned to the increasing digit magnitude condition (16 females, 12 males, mean age ϭ 21.21 years) and 25 to the decreasing digit magnitude condition (N ϭ 25, 15 females, 10 males, mean age ϭ 19.32 years). The study was approved by the University of Manitoba, Fort Garry Campus Research Ethics Board. All participants provided informed consent.
Materials. The numbers were presented sequentially in increasing and decreasing magnitude configurations consisting of eight different Arabic digits (1, 2, 3, 4, 6, 7, 8, 9) presented in Times New Roman font. They were centrally presented on a computer monitor subtending 4.25°visual angle, horizontally and 5.13°visual angle, vertically. All materials were presented on a LG W2442PA Flatron LCD monitor with a screen resolution of 1920 ϫ 1,080 pixels with a response time of 2 ms. The monitor was connected to a PC utilizing an Intel Core 2 Duo CPU, 3.00 GHz, 3.18 GB RAM. The video card was an Intel Q45/Q43 Express Chipset display adapter. The images were displayed with 32 Bit Color Depth, with a 60-Hz refresh rate. All of the digits were created using Microsoft PowerPoint 2010 and then converted into bitmap images (BMP files), which were displayed using E-Prime software Version 1.2 (Psychology Software Tools, 2002 Design and procedure. In this, and the following experiments, we used a standard AXB paradigm (e.g., Shigeno, 1986 Shigeno, , 1993 , which involves the presentation of three sequential events (a total trial duration of 1,420 ms [ms]). After receiving verbal instructions, an experimenter asked the participants to initiate the first and each subsequent trial by pressing the space bar. This button-press initiated the presentation of a fixation cross at the center of the screen for 500 ms, which was followed by an AXB sequence. The AXB paradigm involved the central presentation of three stimuli in succession, with each event appearing for an equal duration of 200 ms (12 frames). The first stimulus (A) was followed by an interval in which nothing was presented on the screen (i.e., a blank interval), followed by the presentation of the second stimulus (X). The second stimulus was then followed by a second blank interval, and finally a third stimulus (B). The durations of these blank intervals (SOAs) were manipulated across trials.
The interval between the onset of the first and second stimuli (SOA: 1) and between the second and third stimuli (SOA: 2) varied in duration, so that either SOA: 1 was shorter (S-L pattern) or longer (L-S pattern) than SOA: 2. The SOA durations consisted of four L-S patterns (785-635 ms, 768-651 ms, 752-668 ms, 735-685 ms) and four S-L patterns (in which the long-short SOA durations were reversed). This information was further expressed as the interval difference (wherein SOA: 2 is subtracted from SOA: 1). This was done to provide a means of conceptualizing the overall saliency of the pattern's timing, in which small differences equated to an interval structure that was more difficult to detect. The 4 L-S patterns exhibited interval differences of 150, 117, 84, and 50 ms; while the 4 S-L patterns exhibited interval differences of Ϫ150, Ϫ117, Ϫ84, Ϫ50 ms.
Regarding the characteristics of the stimuli (numbers), the first and third events in the three-event sequence were unchanging boundary elements (1 or 9), while the magnitude of the second stimulus varied across trials (spanning from 2 to 8). It should be noted that 5 was never included as a second stimulus value. Dependent on whether 1 was the first or third stimulus, the trial would be identified as either increasing (1-X-9) or decreasing (9-X-1) in magnitude.
After the offset of the third stimulus in the sequence, participants were prompted to classify the trial as either long-short (L-S pattern) or short-long (S-L pattern), depending on the perceived durations of SOA: 1 and SOA: 2. Participants made their responses by pressing keyboard buttons labeled SL or LS on the keyboard. The SL label was affixed to the keyboard's S key (and pressed with the left hand); whereas the LS label was affixed to the keyboard's L key (and pressed with the right hand).
By using this procedure, the six possible digits that could appear as the second stimulus (2, 3, 4, 6, 7, and 8) were combined with the eight levels of interval timing to generate 48 trial types for both the increasing and decreasing magnitude conditions. The magnitude difference between the second stimulus and the respective boundary elements generated six possible conditions: 1-7, 2-6, 3-5, 5-3, 6-2, and 7-1. According to this notation, the first number of each pair describes the arithmetic difference taken between the first and second digit, while the second number describes the difference taken between the second and third digit (see Table 1 ). The participants completed 10 repetitions of each of the 48 trial types in a randomized order. The session consisted of 480 experimental trials. Participants received no feedback on their responses and were asked to make their judgments as quickly and as accurately as possible. Table 2 displays the mean proportion of long-short responses for each condition of our design (in both increasing and decreasing configurations). Wherever means are provided in text, the standard errors are provided in parentheses. We submitted the proportion of long-short responses for each participant to a 2 (Digit Magnitude Direction: Increasing/Decreasing) ϫ 6 (Digit Magnitude Difference: 1-7/2-6/3-5/5-3/6-2/7-1) ϫ 8 (Interval Timing: Ϯ150, 117, 84, and 50 ms) mixed-design analysis of variance (ANOVA), treating Digit Magnitude Difference and Interval Timing as within-participant factors, and Digit Magnitude Direction as a between-participants factor. In this, and subsequent experiments, when violations of the assumption of sphericity were observed, Greenhouse-Geisser estimates were used to correct the degrees of freedom.
This In Experiment 1, it was determined that variations in the magnitude of sequentially presented numbers can lead biases similar to those witnessed when the physical space between discrete events was manipulated. We hypothesized that, because time, space and magnitude rely on common mechanisms, a discrepancy in numerical magnitude should directly impact perceived duration; this hypothesis was confirmed. Additionally, the directionality of the sequence (increasing vs. decreasing) did not modulate the effect, replicating previous kappa effect studies (Alards-Tomalin et al., 2013; Henry & McAuley, 2009 ). This provides convergent support for our view that the present results represent a variant of the kappa effect based on a manipulation of a phenomenological, distance (i.e., the space delineated on a mental number/magnitude line). Additionally, it also provides evidence against the previously mentioned alternative hypothesis. This hypothesis predicts that the interval between greater magnitude stimuli will be perceived as "longer." This account predicts that decreasing magnitude sequences (e.g., 9-8-1) should exhibit a larger proportion of "longshort" responses than similarly structured increasing magnitude sequences (e.g., 1-2-9). This finding did not occur.
In Experiment 2, we replicated Experiment 1 using a smaller set of second occurring (X) digits, while manipulating stimulus order, such that each sequence either conveyed an ordered (1-2-9) or nonordered (2-1-9) sequence of digits.
Experiment 2
The results of Experiment 1 demonstrated that discrepancies in the magnitudes of numerical digits exert biases on interval duration judgments. In an earlier auditory kappa effect study, it was found that the degree of pitch-distance between sequential tones exhibited a bias on interval duration judgments regardless of order (Crowder & Neath, 1995) . In this study, Crowder and Neath (1995) , used sound sequences that did not follow ordered ascend- ing, or descending pitch trajectories (e.g., the target sound [X] frequency did not fall directly between the frequencies of the boundary tones [A and B] ). If the effect of magnitude on time perception is analogous to the kappa effect, response biases should be robust to manipulations to stimulus order. As in Experiment 1, our goal was to determine whether differences in numerical magnitude, would influence participants' judgments regarding SOA duration and whether or not this effect is determined in whole, or partially, by the presence of an ordered stimulus trajectory.
Method
Participants. Forty-two University of Manitoba undergraduate students enrolled in an Introduction to Psychology course at the University of Manitoba participated in Experiment 2. They received partial course credit for participating. Twenty-one were randomly assigned to the ordered digit sequence condition (nine females, 12 males, mean age ϭ 20.52 years), and 21 to the nonordered sequence condition (10 females, 11 males, mean age ϭ 20.67 years).
Materials. In Experiment 2, only the digits 1, 2, 8, and 9 were used. Despite this manipulation, the mode of their presentation was identical to that of Experiment 1.
Design and procedure. The procedure for Experiment 2 was identical to Experiment 1 with the exception that sequence order was manipulated as a between-participants variable. One group of participants completed a version of the experiment that contained nonordered numerical sequences. These sequences were still marked by large and small magnitude boundary stimuli but did not consistently increase or decrease in number magnitude. Participants in this condition encountered the digits 1 or 9 as the second occurring digits in four possible AXB sequences: 2-1-8, 8-1-2, 2-9-8, and 8-9-2. This allowed us to maintain the same digit magnitude differences of 1-7 (for sequences 2-1-8 and 8-9-2) and 7-1 (for sequences 8-1-2 and 2-9-8), while allowing sequence order to be disrupted. (See Figure 1 for the increasing and decreasing number magnitude stimuli in the ordered condition, and see Figure 2 for the increasing and decreasing number magnitude stimuli in the nonordered condition.) Participants in both ordered and nonordered digit sequence conditions responded to sequences that either progressively increased or decreased in magnitude presented in separate blocks of trials. The presentation order of these blocks was counterbalanced across participants. The four AXB sequences were presented with each of the eight interval timing conditions for a total of 32 trial types. Each trial was repeated 10 times, for a total of 320 trials (160 trials per block).
Results and Discussion
In Figure 3 , the effect of Interval Timing on participants' longshort judgments is displayed for both ordered and nonordered digit sequence conditions. Additionally, the effect of Digit Magnitude Difference on the proportion of long-short judgments is displayed in Figure 4 . We submitted these data to a 2 (Digit Sequence Order: Ordered/Nonordered) ϫ 2 (Digit Magnitude Difference: 1-7/7-1) ϫ 2 (Digit Magnitude Direction: Increasing/Decreasing) ϫ 8 ( revealing that the degree of numerical magnitude difference across SOA: 1 and SOA: 2 acted a source of bias on the participant's interval timing judgments. As was the case in Experiment 1, there was no main effect of Digit Magnitude Direction (p ϭ .98). Additionally, Digit Sequence Order (Ordered/Nonordered) had no impact between participants (p ϭ .14). Additionally, as was the case in Experiment 1, none of the interactions achieved statistical significance (all ps Ն .07). To summarize, Experiment 2 replicated the findings of Experiment 1; interval duration judgments was directly biased by the numerical magnitude difference of the bounding digits, with a greater difference translating into a longer subjective interval. The goal of Experiments 3 and 4 was to determine whether variations in the magnitudes of other dimensions including size (Experiment 3) and color saturation (Experiment 4) would induce similar biases on interval duration judgments. 
Experiment 3
In Experiments 1 and 2, it was discovered that differences in numerical magnitude contributed to participants' perception of interval length. The goal of Experiment 3 was to determine whether differences in the physical size of sequentially presented stimuli would induce similar biases on interval duration judgments as those witnessed for numbers (Experiments 1 and 2). Specifically, we replaced the digits used in our previous experiments with black discs that varied in their overall diameter. It was hypothesized that interval timing would again be biased by the level of magnitude discrepancy of the stimuli bounding that interval.
Method
Participants. Forty-four University of Manitoba undergraduate students enrolled in an Introduction to Psychology course at the University of Manitoba participated in Experiment 3. They received partial course credit for participating. Twenty-three were randomly assigned to the ordered disc sequence condition (15 females, eight males, mean age ϭ 19.52 years), and 21 to the nonordered sequence condition (15 females, six males, mean age ϭ 20.14 years).
Materials. All materials and equipment used in Experiment 3 were identical to those used in Experiments 1 and 2, except that the digits were replaced by four black discs. These discs were varied in overall diameter. In order from smallest to largest, the discs subtended 5.32°ϫ 3.56°(25 mm ϫ 15 mm; Disc A), 7.97°ϫ 5.34°(45 mm ϫ 30 mm; Disc B), 17.44°ϫ 13.43°(140 mm ϫ 95 mm; Disc C), and 21.06°ϫ 8.36°(160 ϫ 100 mm; Disc D) of visual angle.
Procedure. The procedure of Experiment 3 was identical to Experiment 2. In the ordered sequence condition, intermediatesized discs (B and C) were always the second occurring stimulus, while the largest (D) and smallest discs (A) acted as the boundary stimuli. This resulted in four AXB sequences that were analogous to the sequences used in the ordered sequence condition of Experiment 2. Specifically, sequences A-C-D and D-B-A exhibited a large (115 mm ϫ 80 mm) difference in the diameters of the first two discs (A-C or D-B) and a small (20 mm ϫ 15 mm) difference in the diameters of the second two discs (C-D or B-A) and are referred to as a Large-Small disc size difference patterns. By contrast, sequences A-B-D and D-C-A constituted trials in which the diameter difference between the first two discs (A-B or D-C) was small (20 mm ϫ 15 mm) and the diameter difference between the second two discs (B-D or C-A) was large (115 mm ϫ 80 mm) and are referred to as a Small-Large disc size difference patterns. Increasing and decreasing sequences were presented in separate blocks, the order of which was counterbalanced across participants.
In the nonordered sequence condition, the middle occurring disc in each sequence was either the smallest or largest diameter disc (Discs A and D, respectively) with the intermediate-sized discs acting as boundary stimuli. As in Experiment 2, this manipulation allowed us to further examine whether these biases are robust to manipulations to trajectory of the overall pattern (e.g., whether its ordered vs. nonordered). (See Figure 1 for the increasing and decreasing size stimuli in the ordered condition and Figure 2 for the increasing and decreasing size stimuli in the nonordered con- 
Results and Discussion
Figure 5 displays the effect of Interval Timing on participants' long-short judgments for both ordered and nonordered disc sequence conditions. Additionally, in Figure 6 we display the effect of Disc Size Difference on the proportion of long-short judgments. We submitted the proportion of long-short responses for each participant within each condition to a 2 (Disc Sequence Order: Ordered/Nonordered) ϫ 2 (Disc Size Difference: Large-Small/ Small-Large) ϫ 2 (Size Direction: Increasing/Decreasing) ϫ 8 (Interval Timing: Ϯ 150, 117, 84, and 50) Critically, there was a significant main effect of Disc Size Difference, F(1, 42) ϭ 63.50, p Ͻ .001, p 2 ϭ .60. As defined by the relative difference in the diameters between the discs that defined SOA: 1 and SOA: 2, the proportion of long-short responses was lower on Small-Large difference trials (M ϭ .42 [.02 ]) than on Large-Small difference trials (M ϭ .60 [.02]) . This finding confirmed the hypothesis that a relative difference in the size of the stimuli used to form the boundaries of SOA: 1 and SOA: 2 exerted a similar bias for participants' interval duration judgments as numerical magnitude. An interval defined by sequentially presented discs that were relatively close in their overall diameters was more prone to being labeled as "short," while the same interval defined by discs relatively discrepant in their overall diameters was more prone to being labeled as "long." Additionally, there was no main effect of Size Direction (p ϭ .11), nor was there a between-participants main effect of Disc Sequence Order (p ϭ .89).
There were several significant two-way interactions. First, there was a narrowly significant Disc Sequence Order ϫ Disc Size Difference interaction, F(1, 42) sensitivity may result from an inability to predict the upcoming location of the stimulus as it moves within three-dimensional space (e.g., looming vs. receding). This is further supported by a significant Disc Sequence Order ϫ Interval Timing interaction, F(2.92, 122.48) ϭ 3.02, p Ͻ .01, p 2 ϭ .07. The simple effects were analyzed comparing Ordered versus Nonordered groups at each of the eight Interval Timing levels. None of these Pairwise comparisons achieved significance (p Ն .126), except when there was a 150-ms interval difference, F(1, 43) ϭ 5.28, p Ͻ .05. These patterns were more likely to be classified as L-S when they followed an ordered trajectory (M ϭ .70 [.02]) than a nonordered trajectory (M ϭ .62 [.03]) . While further studies would need to be done to elucidate this finding, it suggests that temporal interval sensitivity may be reduced when attending to approaching/receding stimuli that have unpredictable trajectories. Last, there was a significant Disc Size Difference ϫ Size Direction interaction, F(1, 42) ϭ 12.23, p ϭ .001 p 2 ϭ .23. The simple effects comparing Size Direction (increasing vs. decreasing) at each level of Disc Size Difference revealed that S-L patterns were more likely to be classified as "short-long" when the pattern decreased in size (M ϭ .37 [.02]) than when it increased in size (M ϭ .46 [.02]), F(1, 43) ϭ 11.03, p Ͻ .01. Similarly, L-S patterns were more likely to be classified as "long-short" when the sequence decreased in size (M ϭ .62 [.02]) versus when it increased (M ϭ .58 [.02]), F(1, 43) ϭ 4.16, p Ͻ .05. The impact of directionality on interval duration judgments suggests that a decreasing size trajectory (i.e., receding stimuli) is more prone to demonstrating magnitude difference biases than increasing size trajectory (i.e., approaching stimuli). None of the remaining interactions were significant (all p Ն .09).
Experiment 4
In Experiment 4, color saturation levels were manipulated across three sequential discs. Color saturation was selected as the primary variable because, like changes in size, it constitutes a different magnitude dimension from that of number; however, unlike size, color saturation conveys no inherent spatial cues regarding visual movement in depth. In Experiment 3, the manipulation of disc diameter may have been interpreted by the participants as conveying variations along a three-dimensional spatial trajectory (e.g., approaching vs. receding object). To address this possible confound, color saturation was selected as the primary variable in Experiment 4.
Method
Participants. Thirty-nine University of Manitoba undergraduate students enrolled in an Introduction to Psychology course at the University of Manitoba completed Experiment 4. They received partial course credit for participating. Twenty-two were randomly assigned to the ordered (15 females, seven males, mean age ϭ 19.52 years), and 17 to the nonordered (15 females, two males, mean age ϭ 20.14 years) sequence conditions.
Materials. The stimuli in the ordered and nonordered sequence conditions consisted of four blue discs that were centrally presented against a white background. The RBG levels were manipulated in Microsoft PowerPoint 2010 to create different levels of color saturation. The corresponding CIE Lab values can be found in Table 3 Design and procedure. The procedure was identical to Experiment 3. By using discs that varied in color saturation level, we controlled the relative difference between successive discs in the same way that we controlled relative size difference in Experiment 3. Specifically, in the ordered sequence condition, the medium blue discs (B and C) were always the second occurring stimuli, while the lightest (A) and darkest (D) blue discs were presented as the boundary stimuli (i.e., A-C-D, D-B-A, A-B-D, D-C-A). In nonordered sequences, the medium blue discs were presented as the boundary stimuli, whereas the lightest and darkest blue discs were used as the second occurring stimulus (i.e., B-D-C, C-A-B, B-A-C, C-D-B). See Figure 1 for a graphical comparison of increasing and decreasing color saturation stimuli in the ordered condition and Figure 2 for the nonordered condition. Figure 6 . The mean proportion of "long-short" responses for the ordered and nonordered sequence conditions as a function of the two size difference levels in Experiment 3. Error bars represent the standard errors of the mean for each condition. Figure 7 displays the main effect of Interval Timing on participants' long-short judgments for both the ordered and nonordered disc sequence conditions. Additionally, Figure 8 displays . The analysis revealed a significant difference between how Ordered and Nonordered groups responded to 29-71 (Small-Large saturation differences) patterns, F(1, 38) ϭ 4.19, p ϭ .05. In this circumstance, participants in the Non-Ordered condition were more inclined to classify the pattern as S-L (M ϭ .43 [.12]) than participants in the Ordered condition (M ϭ .50 [.02]) . The same analysis conducted for 71-29 (Large-Small saturation differences) was nonsignificant (p ϭ .38). To some degree, this result mirrors the Disc Size Difference ϫ Disc Sequence Order interaction discovered in Experiment 3; participants were slightly more inclined to rely on magnitude difference when making a subjective interval timing judgment, when the pattern followed a nonordered versus ordered trajectory. None of the remaining interactions were significant (p Ն .18).
General Discussion
The primary goal of the current study was to establish whether variations in the magnitude of numbers-as well as size and color saturation of discs-between sequentially presented stimuli, impact judgments of interval duration. Previous work in this domain has revealed that numbers are represented spatially along a mental number line, and organized according to numerical magnitude. For example, studies on the SNARC effect provide compelling evidence for peoples' tendency to mentally represent increasing digit quantity spatially, from left-to-right (Dehaene et al., 1993; Gevers et al., 2004) . There is also a wealth of evidence that judgments of interval duration are dependent on the amount of physical distance used to separate sequentially presented stimuli, resulting in the kappa effects (Cohen et al., 1953) . While it is known that physical distance can interact with and influence timing judgments, it has yet to be established how magnitude directly biases interval timing. The current experiments addressed this question. In Experiments 1 and 2, the degree of magnitude discrepancy between sequentially presented numbers was found to contribute a bias to the perceived duration of the SOA. This took the form of increased "long" interval duration judgments for intervals marked by stimuli exhibiting a greater degree of magnitude difference. Moreover, this effect is analogous to previously demonstrated kappa effects in that it did not depend on the directionality of the sequence (i.e., whether it increased or decreased); and occurred regardless of whether the sequence followed an ordered or nonordered trajectory.
Experiments 3 and 4 further established that this phenomenon occurs when other magnitude dimensions (size and color saturation, respectively) are manipulated. In total, these findings support the theory that an experientially determined, mental magnitude line not only impacts spatial processing (i.e., SNARC-effect) but also influences judgments of duration (i.e., kappa-effect). Additionally, we found evidence against the hypothesis that a blank interval between greater magnitude events (e.g., 9-8) will be judged as "longer" in duration than one separating lesser magnitude events (e.g., 1-2). There is also some evidence to suggest that stimulus order can have an impact on interval timing in some magnitude dimensions (e.g., size and color saturation), with nonordered trajectories leading to enhanced response biases.
The interaction witnessed in this study between stimulus magnitude and perceived interval duration is likely a component of a broader class of cognitive phenomena, the implications of which could be very useful for guiding our understanding about the way we organize information to take advantage of dimensional overlap to maximize efficiency. In the early stages of processing, stimuli that exhibit perceptual similarities, or are closer in spatial proximity, may become spontaneously integrated, forming a perceptual unit to enhance processing efficiency. For example, Lamy, Segal, and Ruderman (2006) found than an unattended background pattern (composed of discrete white squares) facilitated the detection of a target symbol "ɔ," "c" or "u") when the pattern and target symbols matched. Similarly, as proposed by Gestalt psychologists (Wertheimer, 1912 (Wertheimer, /1961 Köhler, 1947) , elements presented in succession that exhibit close temporal proximity may also bind together to enhance pattern detection, a process that may have unintended consequences on temporal processes. For example, the automatic binding of dimensionally related information can reduce reactions times when attempting to parcel out one of those dimensions resulting in Garner interference effects (e.g., line length judgments will be influenced by the line's width; Garner, 1976; Pomerantz & Garner, 1973) . Similar interference may occur when people are making judgments regarding stimulus magnitude. For example, when judging visual brightness, a concurrent, incongruent sound (e.g., bright object-low pitch) can impede reaction times (Marks, 1987) . Similarly, people have difficulty disentangling information about the frequency of a sound (e.g., when making pitch judgments) from its vertical location (Leboe & Mondor, 2007) . When participants are asked to make judgments about the different font sizes of digits, they also have difficulty discounting information about the digit's magnitude (Henik & Tzelgov, 1982) and are unable to discount information about the relative size of circles when making judgments about the number of circles in an array (Hurewitz, Gelman, & Schnitzer, 2006) . We propose that cross-dimensional interference effects may be reflective of a process in which the close associations formed between magnitude dimensions, as a function of experience, are used to facilitate processing. For example, under normal circumstances, the presence of "More" on any one dimension often tends to co-occur with "More" on an interrelated dimension. For example, a person approaching from some distance who is also speaking will simultaneously cast a progressively increasing retinal image concurrently with an increase in the relative pitch and volume of their voice. Therefore, if one dimension is absent or inaccessible, an increase in any of the other dimensions can still be used to draw inferences about the target's location in space. Additionally, people may substitute information from a more precise stimulus dimension (e.g., variations in space) when judging a less precise domain (e.g., approximating the passage of time). As a result, kappa and SNARC effects could both be reflective of a phenomenon, in which information from one dimension is cognitively imported to fill in the gaps of a missing or imprecise dimension.
Theoretical accounts that treat stimulus properties across multiple dimensions as relying on the same underlying neural structures already exist. Most relevant for the current purposes is Walsh's (2003) ATOM framework. By that account, time, distance and quantity are all represented according to their relative magnitudes within the same cortical metric. The role of the intraparietal sulcus in processing different quantitative dimensions has been well established in the brain-imaging literature. However, it is unresolved as to whether this system converts all incoming quantitative information-including information about the magnitude of numbers-into a common, underlying abstract magnitude code. Present brain-imaging research generally supports this interpretation, for example, there is overlapping intraparietal activation when participants make quantitative comparisons across a variety of magnitude dimensions, including Arabic digits, line length, degree of angle, size and luminance (Fias, Lauwereyns, Reynvoet, Dupont, & Orban, 2003; Pinel, Piazza, Le Bihan & Dehaene, 2004) . Additionally, an fMRI adaptation paradigm found that repeated presentations of both symbolic (digits) and nonsymbolic (item arrays) quantities suppress activation in overlapping intraparietal regions (Piazza, Pinel, Le Bihan & Dehaene, 2007) . However, it would be presumptuous to assume that similar behavioral effects witnessed across different magnitude dimensions is indicative of a single abstract magnitude code. The inability to distinguish distinct neural populations encoding for specific magnitudes may largely be due to equipment insensitivities and experimental paradigms that lack the statistical power to be able to elucidate these differences (see Cohen Kadosh & Walsh, 2009) . As a counterpoint, some evidence has demonstrated differences in how the brain represents numerical information presented in different notations and modalities (Barth, Kanwisher, & Spelke, 2003; Campbell & Epp, 2004) . Therefore, we do not pose that our results are indicative of a singular abstract magnitude code that uses the same underlying neural architecture to represent all magnitude dimensions, but rather a similar representational format, in which magnitude information across different modalities and dimensions is similarly organized and structured.
Conclusion
The current study demonstrates that variations in magnitude (number, size, and color saturation) can bias judgments of interval duration similarly to variations in physical distance. We therefore conclude that both SNARC and kappa effects are rooted in the same cognitive phenomenon, in which dimensional interference extends across spatial, temporal and quantitative dimensions.
